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SUMMARY 


This paper and its companion work in part 2 study the effects of flight 
on sound radiated from embedded, uncorrelated ring sources convecting along 
the midst of the primary and the secondary streams of a coaxial dual flow 
which emerges from a moving nozzle into the ambience. We examine cold jets 
here and hot jets in part 2. The problem is posed as a double vortex-sheet 
flow model which involves deliberate suppression of inherent instabilities of 
the flow and is formulated, as a linear problem, in terms of the combined 
contributions of two independent uncorrelated quadrupole-type ring sources, 
the one convecting in the primary flow representing the sources generated due 
to the interaction at the primary /secondary interface and the other convecting 
in the secondary flow representing the sources generated due to the interac- 
tion at the secondary /ambient interface. The analysis shows that the effects 
of flight induce (i) amplification of noise in the forward quadrant, (ii) re- 
duction of noise in the aft quadrant and (iii) absolutely no impact on radi- 
ation of noise at 5 = 90° to the jet axis. Moreover, as a result of this 
study it is inferred (in part 2) that at constant massflow and thrust, the 
inner-cold/outer-cold mode of operation, although it is not a practical en- 
gine cycle, is the quietest mode of operation followed by an inner-hot/outer- 
hot mode, inner-cold/outer-hot mode and inner-hot/outer-cold mode which radi- 
ates the utmost noise. Also it is shown that at constant massflow and thrust, 
an inverted velocity profile provides a significant noise reduction (as com- 
pared against noise from a conventional profile) at all angles both statically 
and in flight. The salient feature of this study is the simultaneous incor- 
poration of the effects of convection, mean flow and of flight on the radia- 
tion from convected sources. 
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1.1 GENESIS OF THE PROBLEM 


The motivation for this work comes from the recent advances in theore- 
tical modelling of jet noise characteristics by Mani (1976a, 1976b), especial- 
ly the flow-acoustic interaction, which have produced rational explanations 
for many observed trends in jet noise. 

Mam's approach is one of the most simplistic and successful approaches 
to jet noise problems in recent years. He capitalized on an oversimplified 
form of a mathematically rigorous, nonlinear, inhomogeneous wave equation 
originated by Phillips (1960) and developed more fully by Li 1 ley (1972) and 
Goldstein & Howes (1973). The study with its distinct style by Mani is re- 
garded as a simplified attempt to solve the Lil ley-Goldstein i Howes (LGH) 
type equation where, in the interest of obtaining closed-form solutionsand 
maintaining the clarity of the physics without any recourse to complicating 
numerical treatment, the jet flow is modelled as a simple, round, plug-flow 
jet. This is a simplified form of the LGH-equation which is found in the 
limiting case of a uniform jet surrounded by a infinitely thin vortex sheet. 
Mani's model succeeds in explaining most major interesting features of jet 
noise data, on both hot and cold jets. Particular success is achieved in 
explaining aspects of the data not explainable by the Lighthill approach, 
especially the flow-acoustic interaction. 

In general, many of the experimental features are consistent with the 
results of the vortex sheet flow model procedure which deliberately suppresses 
the instability waves that would actually show up in any physical realization 
being described by that model. Recognizing this general feature of the vortex 
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sheet flow model and the ease and straightforwardness with which it is 
handled, Balsa and Gliebe (1977) have extended Mani 's theory to explain the 
noise radiation from coaxial jets. In their work, however, they describe a 
static jet noise situation and furthermore, by considering just only a single 
point source at the centerline of a primary jet in a coaxial flow they have 
failed to provide a right modelling inasmuch as it does not represent all the 
sources which are generated at the two vortex interfaces. 

In a recent work, an extension of the Mani -type vortex sheet flow model , 
Dash (1978, 1979a, 1979b) has considered the effects of flight to predict the 
different features associated with the noise from a single stream jet in 
flight as well as from a coaxial jet in flight. However, the coaxial flow 
problem there is inadequately modelled since only the acoustic sources due to 
the primary /secondary flow interactions have been taken into consideration 
while the acoustic sources due to the secondary /ambient flow interactions 
have been inadvertently completely ignored. 

In the present work, this has been taken care of by considering and in- 
cluding simultaneously the sources both inside the inner jet and inside the 
outer jet. This is perfectly natural and logical, since in a coaxial flow 
the interaction between the inner and the outer flows plus the interaction 
between the outer and the ambient flows inherently give rise to acoustic 
sources of noise. One has to bear in mind that the sources which are gener- 
ated due to the interaction of primary /secondary flows are presumed to be 
axially and symmetrically distributed in and around the primary flow, and as 
such can be qualitatively represented by considering a ring source convecting 
in the midst of the primary jet. At the same time, the sources generated due 
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to the interaction of secondary/ambient flows are presumed to be axially and 
symmetrically distributed in and around the secondary flow. These sources 

are qualitatively represented by considering a ring source convecting in the 
midst of the secondary jet. 

The choice for the centerline convection is strongly advocated and also 
found to have been applied to yield very good results in the works of Mani 
(1972, 1974, 1976a, 1976b) and his colleagues. This is also supported by the 
experimental evidence in the work of Scharton and his colleagues (1972). 
Furthermore, Mani (1974) has also argued that the exact location of the source 
does not matter so long as it is well within the jet. These ideas help sig- 
nificantly in the handling of mathematics involved in the analysis. 

1.2 RELEVANCE OF RING SOURCES IN A VORTEX SHEET FLOW MODEL 

It will be interesting to make some remarks about the suitability of 
considering ring sources in a vortex sheet flow model. It is well known that 
the vortex sheet flow modelling is a very oversimplified model inasmuch as it 
deliberately suppresses the instability waves that would actually dominate 
any physical realization of that model. Nonetheless, incorporation of flow- 
acoustic interaciton in a vortex sheet model provides many useful results 
which successfully explain aspects of the jet noise data not explainable by 
the classical theories. In this context, Ffowcs Williams (1977) has noted 
that notwithstanding the deliberate suppression of instability waves in a 
vortex sheet model, the model is so successful that many of the several fea- 
tures recognizable in experimental jet -noise are easily deduced from these 
model studies. 
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The inclusion of ring-type sources is appreciated when one understands 
the basic physics involved in the jet flow phenomenon!. In the past few years, 
several studies have been undertaken which suggest that a large-scale orderly 
structure lies hidden within the chaotic, noise-producing, tranisiton region 
of a jet. Using several methods in their study of flow visualization of 
round jets. Crow and Champagne (1971) have discovered the emergence of an 
orderly flow pattern, and they have also noticed that at an average Strouhal 
number of about 0.3 based on frequency, exit speed and diameter, a tenuous 
train of puffs — rings having axisymmetric structure— is generated in the 
transitional turbulence region of a jet. These rings are highly structured 
and stable. The production of doughnut-like rings also finds support in the 
works of Wooldridge and Wooten (1971). Hardin (1974) has also considered 
the ring-sources to analyze the noise producing potential of round jets and 
observes that a noteworthy feature of these studies on the orderly structure 
of jet turbulence is that these rings may be responsible for most of the jet 
noise. Crow and Champagne also observe from their previous work on water 
jets waves radiating outward from the above region of puff formation". 
These and several similar inferences of the research workers have prompted 
the author to include the ring sources in the study of jet noise through the 
vortex sheet modelling of the flow. 

1.3 INDICATION OF THE SCOPE AND METHODS OF APPROACH 

The prediction model contains three major elements: i) convection of 

acoustic sources in the primary flow and in the secondary flow, ii) flow- 
acoustic interaction due to the above two consituent streams and iii) the 
effects of flight. Furthermore, all possible combinations of heated and 
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unheated jets that comprise a coaxial dual flow have also been built into the 
model . 

Analytical discussion is made and explicit radiation results are pro- 
vided for the three usual types of acoustic sources: monopole, dipole, and 
quadrupole; however, only the quadrupole type of sources are taken into con- 
sideration while theoretically computing the sound production of the coaxial 
jet flow. 

The discussion and analytical development of the model is fully based on 
the recent works of Mani (1976a, 1976b) who has given a new direction in jet 
noise theory by casting the whole jet noise problem into the limiting case of 
a uniform jet surrounded by an infinite vortex sheet. The technique is very 
clear and will make itself self-explanatory as we proceed with the mathematical 
development in the following section. 

2. SPECIFICATION AND FORMULATION OF THE MODEL 

The analysis is intended to model the situation shown in figure 1, in 
which a coflowing coaxial dual jet exhausts into ambience from a nozzle which 
is moving in an opposite direction with velocity Uf, which is the velocity of 
flight. The inner stream of radius r^, also called the primary stream, is 
characterized by velocity Up and the outer stream of radius rg , also called 
the secondary stream, is characterized by velocity Uj. Likewise, all the 
flow parameters— density P, speed of sound c, Mach number M and so on and so 
forth— which are associated with the inner/primary flow are affixed to the 
suffix (p), and those with the outer/secondary flow are affixed to the suffix 
(s). 
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For an observer in a coordinate system fixed to the moving nozzle, it 
will appear as if he is stationary and the entire ambient world around him is 
in a state of motion. Consequently, because of this perception it will appear 
that the whole coaxial dual jet phenomenon is taking place in an ambience 

which is moving in the same direction as the jet with a speed of motion Uf 

which is the velocity of flight due to the moving nozzle. Thus the situation 

could be best simulated in a wind tunnel of which a pictorial model is illus- 

trated in figure 2. The airflow (in the wind tunnel) which surrounds the 
jet now simulates that which would be created in the case of an otherwise 
moving aircraft with speed Uf in an actual flow environment. 


Consider a cylindrical coordinate system for this plug-flow model 
where Up = constant for 0 < r < rp and Ug = constant for < r < r^. 
As indicated earlier, in what follows we will introduce two ring sources 
with a suitable choice of their fundamental forms as: 


ring in the primary flow; 


Ring in the secondary flow 


g ifv-r.) , 


0 




0 

(■ 


where and q^ are constants and reflect the characteristic ring strengths 
to which we will give proper meaning in due course. These ring sources which 
are convecting in the midst of the primary and secondary flows would be re- 
presentative of the axially, symmetrically, distributed sources which arise 
as a result of flow interaction and exist in and around the primary flows and 
also thfe secondary flows. The quantities <d and ip are the frequencies associ- 
ated with the rinq sources in the primary flow and in the secondary flow, 
and U(- and'W.Q are their velocities with which they convect. 
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At low amplitude the sound waves which are generated due to these sources 
travel at the same speed regardless of their frequency and as such their 
propagation in the uniformly flowing fluids (and also in the simulated flow 
outside the Jet) are described by the following convective inhomogeneous 
(and also homogeneous) wave equations for pressure p which we write as: 







insic)e fHt 

insick tfo. f(ow It* 4^5 

, inside rtie siniulcJi^g 


where the differential operators Lj andaSj are given by: 

Li =j 5 i = 1 

L 2 = 3/3t + Up 3/32,5^2 = 3/3t + Uj 3/3Z 

L 3 =*^3 = 3/3Z 

1.4 =JC4 = 3 ^/ 3 Z^ 

The operators Li = 1 imply the simple source pulsating nature of the 

acoustic sources; L2 = 3 / 3 t + Up 3 / 3 z implies the mass fluctuating type 
ring source in the primary flow and, 1 ikewise, «sS2 = 3/3t + Uj 3/3z also 
implies another mass fluctuating type ring source in the secondary flow; L3 
=e ^2 - 3 / 3 *implies an axial dipole-type ring source and 14=^4 = 3^/3z^ 
implies an axial, longitudinal, quadrupol e-type ring source. 
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The entire problem under consideration is supposed to be perfectly linear 
and the ring sources in the primary and secondary flows are assumed to be 
perfectly uncorrelated. Because of the linearity of the equations and the 
involved boundary conditions, we can consider this as a superposition of two 
problems, and therefore the resulting radiation effect will be the linear 
combination of the fields radiated by the ring source in the primary flow and 
by the ring source in the secondary flow. In view of this we will tackle 
this problem as two problems side by side— one with a ring source in the 
primary flow and the other with another ring source in the secondary flow, 
each source being oblivious of the presence of the other. This is a linear, 
noninteracting acoustic phenomenom where of course the Laplace equations are 
linear and the radiation effects are noninteracting due to the uncorrelated 
nature of the sources involved. 

3. MATHEMATICAL DEVELOPMENT AND GENERAL SOLUTION 
(Ring-Source in the Secondary Stream) 

As indicated earlier we will develop this problem as a combination of 
two problems. They are a problem of coaxial jet with a ring source in the 
secondary flow plus a problem of coaxial jet with a ring source in the primary 
flow. Focussing our attention first to the problem of a coaxial jet flow 
with a ring source convecting in the secondary flow, without any other type 
of source being present elsewhere including the primary flow region, one can 
see that the mathematical problem then involves solving: 
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1 ^ = 0 , 


( 6 ) 
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where 



(rp<r^ rs) 


( 7 ) 





/ 



( 8 ) 


(^) = 2. + U 

'3t 


,2- 

1=* 'Sz 



( 9 ) 


The boundary conditions across the primary /secondary flow interface at r = rp 
and across the secondary /outer (simulating) flow interface at r = rj are i) 
the continuity of acoustic pressure and ii) the continuity of normal particle 
displacement. The former condition is equivalent to the very commonly used 
statement: the inner solution is same as the outer solution across the common 

fluid-interface. The latter condition can be developed from the pressure- 
displacement relation given as: 



insicle the jet 
I oside ffe jet Vp ^ fs 
Outside tf\e jet rs 


( 10 ) 


Because of the nature of the cold jet where the temperature is everywhere the 
same as the ambient temperature, we could have easily written Pp = Pj = Ff 
and also cp = cs = cf. This would also facilitate our handling of the involved 
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mathematics. However, to keep a careful watch as to how each flow stream 
influences the ultimate noise production, we intentionally wanted to keep the 
involved parameters of one flow distinct from those of the other flow. 
Nevertheless, when the actual computation will take place their equivalence 
will be taken care of to reflect that the results are exclusively for the 
cold coaxial jet flow only. Another reason for keeping these parameters 
distinct at this stage is to show how the cold jet results compare with those 
obtaining from the hot jet, where because of the jet temperature the flow 
parameters will be different, and also as we will discuss later because of 
the temperature difference across the boundary, additional source terms will 
be generated which will influence the overall noise production from the 
coaxial jet. 

Pie 

Before we introduce the Fourier transformation into . equations , with 
respect to z-coordinate, we note that since 



e 



( 11 ) 


the right hand side source term in equation (7) is given by: 





( 12 ) 
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As we know the expression (12) is the driving term in the whole problem and 
as such the z, t dependence of all quantities in the Fourier transform 

formulation will be ~ exp i[(k 3 Z+n<fr) - (v + k 3 U(.)t]. This is due to the 

fact that on a linear theory a term proportional to e''*^^ in the forcing 

effect elicits responses proportional to everywhere in the system 

whereby the corresponding values of the acoustic pressure, velocity, dis- 

placement, potential or any other acoustic parameter are themselves propor- 
tional to e’’*^^. In view of this the Fourier transforms of the pressure 
and displacement terms are defined as: 

06 

'nC^X) exf.i[(k3z+n<^)-(w+l<jU^)t]dJt3 


Introducing equations (13)-(14), and making use of the Laplacian operator 


v= +-L-1- +-L + 2 ! 

r 'd-c r® 'd<f> 02 


in equations (6-8), one obtains 


= ° ^ »4T4- 




1 ^= 
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( 18 ) 






where 

- 1^3 I 


'^S =• [k + (^c - Ms)Ic 3] - lc3 

” (§) L ^ J " ^3 




tK/j = — 1 ^ tK/^— k -h(yyic" Ms^ 

3C3 = - T, k3 , *^ 4 =^ 3 ^ k/r= 


(19) 


(20) 


Mf,= Uf./cg , Ms = L)s/q , ^S~ ^^!co , ^c-'^c^Cc 


( 21 ) 


It has to be pointed out that thet^-'s have been obtained by 15<^i}s^crring 
^j's, and iRerefotoe the solutions associated withlK/j represent the 
pulsating monoploe type effects due to the ring source; the solutions asso- 
ciated with!>C 2 represent the mass fluctuation type effects: those associated 
with^C 3 represent the axial dipole type effects: and those associated with 
3C4 represent the axial longitudinal quadrupole type effects. The quanti- 
ties Mp, M 5 , etc. are strictly speaking the normalized velocities, although 
we refer them here quite often as the flow Mach numbers. Making use of the 
relations (13)-(14) in equation ( 10 ), one can write down the boundary con- 
ditions of continuity of normal particle displacement on r = rp, and on r = 
rs respectively as: 
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( 22 ) 



The propagation constants ,JOf, may be either positive or negative; 

however, in order that the solution in the outermost simulating ambient medium 


rs ^ r has to be a solely propagating type ?Cf must always be positive in 
character i.e.Cfcf > 0. Since the other two propagating constants^t* andXp 
describe the wave propagation inside the outer and inner flows respectively, 
they can be either +ve or -ve. However, we will write down the general 

solution for (16)-(18) for one of these four possible cases-i.e. whenXp.Dtj, 
> 0 : 


0 ^ r 4 


(24) 


+ r^Y. (3c.r) + ^ tKj cy 9= , 

c/C^)= 

5 ; ^ / TnC3C,r)H„C3C,»<.) , f”* 

1 J'n (^s.-u) H) (^S^) > 
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Now making use of the boundary conditions, as defined in the paragraph 
preceding equation (10) and also as mathematically expressed in equations 
(22) and (23), one can obtain from the foregoing equations in (24)-(27) a 
solution for the outgoing field as: 

Rr, 3C^) ^ , r, i r 


where, 

'^s/} , ^n) — ^ f> sY) 0^ *p) ^ C^^p) - ^\n C^s '*>) ^ ( 29 ) 

” ^5 ^f>s 5n C^s^p) (^^p) - ( 30) 


'C^s C^"yYn) - lAsf Hn (K^'0s}Yi (3 Cs''s)"^ 5 ^f'lO^’s)Yl (32) 
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Jn and Yp are the Bessel functions of the first kind and of the second kind 
of order n; (same as is called the Bessel function of the 

third kind, also called the Hankel function, of order n. Dashes denote 
differentiation with respect to the argument. It is worthwhile to note that 
solution in equation (28) is developed for the case when all the propagation 
constantst)Cp^,tfC 5 ^,tfC^^ > 0. There may arise some cases when eitherJfep^ < 0 

ortfCs^ < 0; or bothtfcp^ < 0 and^fc^^ < 0 simultaneously. In such cases one 

can = -X'p^ pp ^ _ 

Then making use of the Bessel relations Jn(’x). = and Hp(ix) KtCx) 

in equations (28)-(32), one can easily find the appropriate solution for ^ 

any of these four possible cases. However, either way one finds the same 
results whether through the above Bessel replacements or working through the 
individual cases by considering their fundamental results and applying the 
matching conditions at the boundaries at r = rp and at r = r^. 

As indicated earlier, for the waves to be outgoing we must havei^C^:^ > 0 

which yields : 

b < Ic 4 ^ 

+ - (^e“ (35) 


This inequality determines the range of k 3 which ensures a propagating type 
solution of the radiation problem. 
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3.1 RADIATION IN THE FAR-FIELD 


Now to the acoustic pressure in equation (28) in Fourier space 

to a corresponding one in physical space we make U-Se of equation (13) 
to write: 

cO 

r \ H„C3C^r)exf.ir(iz + n^)_(w-+k3Ue)t] 

Evaluation of the above integral is prohibitively difficult because of the 
involved, complicating expression forC^n (see equation (28)). Thus, unless 
one resorts to direct numerical integration, one should apply the method of 
stationary phase to find the far-field radiation which is incidentally of 
prime interest to us. Without going through the details of this method, we 
may derive the far-field expression for p as: 

t>(« e- <pt) - 2 eAnCkl 

[|_ 0>5 ©] 

SI [i cos ej 


where Ep and the stationary point (k 3 )o are given by: 


JJi ^si> (.^n, X)) 

(Yn,3i) - (I, J„) 
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( 39 ) 



Ic C»/c^ CCS 6 
[I - c^/c^ C '^C - M^) CflS 0 


In view of the stationary point value in equation (39), we now redefine our 
involved terms in equations (19)-(20), and in equations (33)-(34) as: 
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The quantity Cq/c^ is the ratio of the speed of sound in an ambient 
quiescent reference fluid (at the normal temperature and pressure conditions 
of the atmosphere) to the speed of sound in the external fluid through which 
the propagation of acoustic waves actually takes place. It has to be pointed 
out that Cg/Cf is retained to show as to what extent the pressure field can 
be influenced when the external fluid is completely different from the hypo- 
thetically quiescent reference fluid. For example the actual atmosphere may 
be gusty, turbulent, hot etc. etc, so that Cg/Cf ^ 1. However, in our final 
computation we preferred to take Cg/Cf = 1 in generating the plots to explain 
the sound production of the cold coaxial jet. 

ft and 9 are as shown in Figure 3. Whereas ft is the distance between the 
center of the ring source and the observer's location, e is the angle made by 
the line joining them and the direction of source convection, all at the time 
of emission. In other words, and e are the retarded co-ordinates. It has 
to be pointed out here that the equation (37) embodies the field generated 
due to any type of ring source— monopole, dipole or quadruple— because of the 
presence of JfCj (k 3 ) which defines the source characteristics according as 
j = 1,2,3, or 4. We shall make use of all these at a later stage when we 
make the calculation of the effective pressure field. 

3.2 FAR-FIELD LOW FREQUENCY ANALYSIS 
In analyzing the low frequency radiation of the pressure field, we 
make use of the limiting forms of Bessel and Hankel functions for small 
arguments, when is fixed and z->0: 

5, (z) ~ (Va)y 

Y, (zj ~ -i j 


18 



When we think of a low frequency analysis, we can well impose the restrictions 
that ktp, krs, andk/Vo/N/0 so that the equations in (29)-(32) are reduced to 


4^(Yo 
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(45) 

[cy]ps->J 
rw rCn+i) 

(46) 

(^l/lsf+ ij 

(47) 

’ [<-i] 

-TT^v-. * J 

(48) 


Making use of the foregoing relations in equation (38), one can derive from 

equation (37), a low frequency far field solution for the ring source in the 
secondary fluid as follows: 


r(n+i) \ 2 y 
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) + sf " pr 

-Tjt -f n(f^- 

Cvr,y"J 

•i 


(aic- Mf) cos ej 


The quantity is implicit in<fcf*Q and is itself a small quantity because of 
the low frequency nature of the source. The use of the inequalities, 
and rp/r 5 < 1, in the above yields 
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n-^ Bi I (50) 

where Pp is the pressure due to the ring source having periodicity n along 
^ which occurs in the form of e’’^^'. Thus as shown above one can infer 
that : 

Po[ >|Pn|>|Uj> 

(51) 

This merely tells that as the mo4e n along ({i increases, the radiation 
due to the source decreases and eventually becomes vanishingly small as n— >«». 
This also implies that the most powerful radiation comes when the ring is 
without any periodicity along -direction in which case the ring turns out 
to be an axisymmetric doughnut type ring which finds support in the works 
Crow and Champagne (1971), Wooldridge and Wooten (1971) and in that of Hardin 
(1974). This decreasing character of source radiation as n increases is not 
at all surprising if one thinks of the physical nature of the rings with 
high periodicity. What happens in this case is that positive and negative 
parts effectively cancel each other out as n goes on increasing. This is 
evident from Figure 4. 

Thus in our subsequent analysis we will consider only axisymmetric rings 
without any periodicity along so that the factor involving will be 

completely absent in all the mathematical expressions to follow. It will be 
of interest to know that if we make n = 0 in equation (49), the low frequency 
(far field) radiation is reduced to: 
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[(vAsf+l)(^ps+0“^ ^^s^-iX^|>5"0] 
ex{? i I (RI: cq/c^ - njtj 

(R [ I - (UVlc - H^) Cos e] ( 52 ) 


and that this is obtained as a result of a drastic approximation where the 
arguments in the Bessel functions tend to zero. This approximation embodies 
the product Ic^q (and krp, krj) which also tend to zero. However, while 
dealing with the far-field radiation in the following section we will make 
use of the equation (37) which is exact in frequency. 

3.3 FAR-FIELD INTENSITY DUE TO THE RING-SOURCE IN THE SECONDARY STREAM 

To predict the intensity of radiation due to the source in the second- 
ary stream, the fundamental solutions associated with various quadrupoles 
must be employed in a specific manner to represent the radiation pattern 
due to an axially symmetric sound field. The works of Ribner(1969) and 

Mani (1976a, 1976b) suggest that the acoustic contribution may be evaluated 
from the formula 


Ires 


Far-Field intensity due to a 
3 


ring-source in the cold secondary-stream 



* 2 

Here <a^j > is used to represent the circumferential average of the mean 
square value of the enclosed quantity, where we express mathematically 
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( 54 ) 



The suffixes in equations (53) and (54) characterize the type of quadrupole, 
and the star above implies its complex conjugate. To find out the radiation 
due to all the quadrupole components to be made use of in equation (53), we 
need to find some more related terms. Making use of equations (37) for an 
axisymmetric ring source without any periodicity n along ^ (i. e., n = 0) , 
and differntiating the simple source result with respect to the source co- 
ordinate at r -Ao> one can write: 


Ao (fl [ I- M^) Cos ej 

^ ^s(Cq-Cz) ^x/oi 

^ 0 - C'^c- M^) Cos ©] 
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where we have. 


^ r*- Wc^C^c-Mj)cos e 


(55) 


(56) 


(57) 


4. (Y,,3;) -4, (ho,y.)4^ (j;, j,; 


(58) 


c,= j; (Y., j.) (j;, j,) 

4s ^«) 4 (.(y,, J.) - 4sCk«,Yo) 4. (JS, X) 

C,= ^ 4s CY,, To) - (X, X) 

4s c ^■c) 4^ ( Yo,Xc) - 4 , CH,,Y)4(jr^ Oi) 


(59) 


(60) 
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In deriving equations (55-57) from equation (37), we consider the source 
strength of the ring as directly proportional to the density of the fluid in 
which the source is located, so that we replace Pq by j which is the den- 
sity of the secondary stream. Now introducing the following coordinate 
relations for an axisynmetric ring source devoid of any periodicity n along 
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(61) 


and making use of the relations in equations (37, 55-57) one can find out 
the radiation due to all the fundamental quadrupole components which can be 
written as follows: 
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Using the above relations in equation (54), the far field radiation given by 
the formula in equation (53) yields: 


Ires =<a|3> + 2<a^> + 2<a^> + 4<If5> 

/ fs f hil^^ss Cos^B 

-WoirvA,; (2ii4r [ Q!iM.r 
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where 


62 = EjS + ^0 0/ 0^2) 

«o= H.C'Sfs) W.(V2, l<)-FH,(y2)L.Cw*,V2) 

p, = H,Cyj)L,(Vj, W2 )-FH,(y^)K(“ 2 ,v 2 ) 

% ^ (^2) ^o(j^ 2 , ^2) + E ^ l^() 
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U2 =Xprp, X2 =UCs4o 

V2 =^s^p» y2 

W2 =^sT 5 z and ^ are dummy variables (66) 


25 



W( = [ i- ( Mp- M^) 03S e] 

Wz= ^/c5T[l-%(Ms-Mf) Cos ^ 

Ml = [ W| - (9lcf cos ef j , Ma =j^ W 2 - cos e)^j 

c _ M2.Jci_ F= 6/c, Swi e 
Ml Wz ’ Ma ^ 
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The symbol r represents the outer-to-inner (also called the secondary-to- 
primary) velocity ratio, and the symbol 2 represents the outer-to-inner 
area ratio. is a chacteristic mean velocity which is obtained from con- 
servation of momentum equation for the coaxial jet and M is its corresponding 
Mach number defined with respect to Cq; St 2 is the source Strouhal number 
observed in a frame of reference convected at a Mach number (\^e- Mf)cQ/Cf 
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and is related to the observed Strouhal number by a Doppler factor [1-Co/cf 
(\Alg- Mf) cos^]. This is also called the Doppler-corrected Strouhal number. 
The Doppler-corrected Strouhal number is introduced because we are consider- 
ing the source convection in a frame of reference moving with flight velocity 
in the simulated environment. This provides relative velocity between the 
nozzle and the observer which is actually the case in the real situation 
(where the nozzle moves and the observer is static). 

If we divide the right hand side of equation (63) by p^c^, we will get 
the far-field intensity properly defined, otherwise it is, strictly speaking, 
the circumferential average of the mean square pressure due to the contribution 
of all the quadrupole components of the ring source in the cold secondary 
stream. To get the exact far field intensity, we must now take into consid- 
eration the intensity of radiation due to the ring source in the cold primary 
flow. This is obtained in exactly the same way as we have done for the ring 
soure in the cold secondary stream. However, we will give a brief outline 
that leads to its final radiation result, in our next section. 

4. FAR-FIELD INTENSITY DUE TO THE RING-SOURCE IN THE PRIMARY STREAM 

As we have indicated earlier, the noise sources which arise as a result 
of the interaction due to the primary and the secondary flows is represented 
by considering a ring source convecting in the midst of the primary flow. 
The general motions of acoustic propagation are governed by the following 
equations : 
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(69) 


(70) 


where we have considered, for convenience, the ring source to be convecting 
at a radial distance of r = rg from the axis of the flow. Following the 
steps as in section 3, equations (68-70) can be made to yield: 
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Equations (71-73) are subject to the boundary conditions: (i) the con- 

tinuity of acoustic pressure and (ii) the continuity of normal particle dis- 
placement across the boundaries at r= rp and r = rg. The latter condition 
is expressed through the equations: 



Now making use of the general solutions for equations (71-73) and the above 
boundary conditions, one can find the far field solution through the method 
of stationary phase as: 


Kf?. . 
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( 82 ) 
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( 86 ) 

Here R is the distance between the center of the ring source in the primary 
flow and the observer's location, and e is the angle made by this line with 
the directon of source convection, all considered at the time of emission. 
It has to be noted here that only when the centers of the ring sources in 
the primary flow and the secondary flow coincide, their distances from the 
observer as well as their angles will be the one and the same, i.e. only 
then R =45 > and 0's in both cases become the same. 

To predict the intensity of radiation due to a ring source in the primary 
stream, we follow the procedure outlined in section (3.3) where we considered 
a similar case for a ring source in the secondary stream. Making use of the 
equation (78) for an axisymmetric ring source without any periodicity m along 
4>, and differentiating the simple source result with respect to the source 
coordinate at r = rg, we get 
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( 89 ) 
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and the expressions for (Ho,Jq), J^), etc. are obvious in 

equations (80-83) from which we can easily derive them by putting m = 0. It 
may be noted here that the strength of the ring source in the primary flow 
has been replaced by the density pp of the primary flow, since they are 
directly related. Mani and Balsa have successfully introduced this direct 
relationship between the source strength and the fluid density in almost all 
of their works on jet noise. 

To obtain the individual far-field radiation contribution due to all the 
fundamental quadrupole components of an axisymmetric ring source devoid of 
any periodicity m along (j», we make use of the coordinate relations in (61) as 
well as the relations in equations (78, and 87-89) which yield: 
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b|2 = 
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Using the above relations in equation (54), and making use of the radiation 
formula given in equation (53), one finds the intensity for a far-field 
radiation as: 

I^Cp “ ^ ^ 33 )^ +4 ^^13^ 





XCx.) 

VTT^Rrsrpy 1 M2 6.1^ 

Qf 

M, 


^3f» 




V 

I xf| j.(x^T,c^o)%f -} j;wf 

X Cx.)- 3; (X,)] + ^-{ X tx,)}^ - I X(x,)-Tz(x.)] I 


where 


2(vc) cos^e 


(92) 


6 , = E(? JoCa.) 

cc=H,(y,)KCv.,w.)-FH'WOI-C'^”'^') 

S = H. (y,) L. Cv, , W.) - F H, (y.) w. (w., V.) 



“1 =KpTp, XI =KpTo 

''1 “KsTp, yj 

wi =Ksr*s 


( 94 ) 


ft, = /_ 05S $ 

Aip(_i+ZI)^ = A2P 
t<rj s A I p/2 = Asp 




(95) 


As before, Stj is the Source-Strouhal number where the source is moving with 
a Mach number (M^. - M^) c^/Cf in a frame of reference moving with flight 
velocity in the simulated environment. The notation I^p in equation (92) 
is introduced to signify that it implies the intensity due to radiation from 
a ring-source in the cold primary stream. 


5. INTENSITY OF RADIATION DUE TO RING SOURCES IN COLD COAXIAL DUAL 
FLOW AND APPLICATION OF THE THEORY 

Since the problem under consideration is a linear one, the effective 
radiation due to the coaxial dual flow phenomenom will be considered as the 
linear combination of the two radiation fields generated by the ring-sources 
in the primary flow as well as in the secondary flow. In view of this super- 
position of the two fields, the intensity of radiation in far-field due to the 
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coaxial dual flow is given as the combined effects of the intensities given 
in equations (63) and (92). This is expressed as: 



(96) 


where D is the external diameter of the coaxial jet (and is related to the 
internal diameter through the relation D = d ( l+I)l/2) and: 
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It has to be pointed out that in order to make a straightforward linear 
combination of the radiation effects and also to keep the involved mathematics 
less complicating, we have considered a situation when the centers of the 
ring sources perfectly coincide and as such they emit radiations which reach 
the observer simultaneously. In such a situation R =(K. and 5, the angle of 
emission at the retarded time is the same for both. This fact has been well 
taken care of in developing the expression for the intensity of radiation 
due to both the rings as given in equation (96). 

In all the plots the computation is made for the directional intensity 
at Strouhal number, Stj = 0.2, St2 = 0.2, and is expressed in terms of sound 
pressure levels, in decibels (dB), where 


de = 10 log iCMf) 

(99) 



The parameteric values of Pj = 1 = P 2 implies the consideration of a cold 
coaxial jet where Pp = pg = pf. Furthermore, while making computations, 
the convection Mach number of the ring-source in the primary flow is given 

by Me = (Mp + M5)/2 and the convection Mach number of the ring-source in the 
secondary flow is given by(^e = (^^ + Mf)/2. The convection Mach numbers 
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of the ring sources are so expressed in order to reflect the speeds of the 

flows whose interactions are solely responsible for the generation of these 
sources . 

With these assumptions, the change in intensity level is analyzed in 
figures 5-6 by a plot of variation in intensity level with direction e mea- 
sured from the direction of convection. These figures illustrate the change 
with Mach number Mf of the directional intensity field of two representative 
ring sources, one convecting in the midst of the primary flow and the other 
convecting in the midst of the secondary flow, at points far from them. 
Figure 5(b) represents a coaxial flow situation where the inner/primary flow 
velocity (Mp = 0.9) is higher than the outer/secondary flow velocity (M^ 
= 0.5) and represents a conventional cold coaxial configuration, whereas 
figure 5(a) represents an altogether different flow profile where the primary 
flow and the secondary flow are completely inverted so as to make the primary 
flow Mach number (Mp = 0.5) much less than the secondary flow Mach number 
(Mj = 0.9). This latter coaxial flow pattern is called the inverted velocity 
profile configuration. In both figures, one notices that as we move from a 
static (M.f = 0) to flight situation (M^ > 0), the intensity of radiation 
in the aft quadrant (0 < e < ir/2) diminishes and the intensity of radiation 
in the forward quadrant (tt/Z < 9 <ir) increases. This observation suggests 
that as we move from the aft quadrant to the forward quadrant there is a 
strong preference for forward emission with increasing flight Mach number 
Mf. In other words, forward speed induces amplification of noise in the 
forward quadrant and reduction of noise in the aft quadrant. Another point 
of interest that attracts attention is the crossing of all the curves at the 
angle at 6 = 90°. Their coalescence at one point implies that at e = 90°, 
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the impact or the effects of flight are completely absent. In both these 
two figures, one notices that the inversion of velocities, from high-inner/ 
low-outer to low-inner/high-outer, causes a substantial reduction of the 
radiation intensity at all angles. This takes place under constant thrust, 
and constant massflow conditions. This observation tells us that for an 
equal outer-to-inner area ratio Qj= 1) and under constant thrust and constant 
massflow conditions, inverted velocity profile coaxial jet is quieter than 
a conventional velocity profile coaxial jet. This point is more explicitly 
illustrated in figures 6(a)-6(c) which reassert the fact that compared to 
a conventional profile coaxial jet, an inverted profile coaxial jet flow 
is much less noisy under all conditions, both statically and also in. flight. 
Thus an inverted velocity profile seems to retain its quietening quality not 
only when there is no flight, but also at practically all flight conditions. 

In figure 6(a) the comparison between the conventional velocity profile 
and the inverted profile is at constant massflow and constant thrust, at 
area ratio 2J=1. The noise reduction due to the inverted profile relative 
to the conventional profile is at least lOdB in the aft quadrant and around 
16 dB in the forward quadrant. The forward quadrant noise reduction is even 
more as one gets closer to the jet axis in the forward direction. As one 
moves from the static to the flight case, the static benefit in noise reduc- 
tion in the aft quadrant is diminished by nearly 1.5 dB at Mf = 0.3 and by 
2 dB at = 0.6, whereas that in the forward quadrant is more or less main- 
tained. Nonetheless, as a result of flight, the overall level of SPL in the 
aft quadrant (0 < 9 < /2) is reduced and that in the forward quadrant 
(ir/2 < 9 < 7 t) is amplified. This observation is in tune with our earlier 
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findings where we had noted that the effects of flight induce reduction of 
noise in the aft quadrant and amplification of noise in the forward quadrant. 

When the area ratio is increased to 21 = 4 and 10 as in figures 6(b) and 

6 (c) respectively, the inverted velocity profile provides substantially 
higher bypass ratios and also induces increased massflow and increased 
thrust. This is not the case for the conventional profiles where the mass 
flow and thrust are substantially reduced as a result of increasing area 
ratio. This observation may change as we will examine the inverted profile 
of a hot coaxial jet flow in part- 2. Comparison of all the plots of Figure 
(6) indicate that the attenuation obtained over all angles as a result of 
flow inversion is substantial when a low area ratio (and hence a low bypass 
ratio operation) is maintained. This observation may also suggest that 
a low bypass ratio operation obtainable at an outer-to-inner area ratio of 
S = 1 can be combined with an inverted velocity profile concept to achieve 
a really worthwhile noise suppression both statically and in flight. Figure 

7 provides a visualization of the conventional profile and the inverted pro- 
file (and variable stream control engine (VSCE) cycle which we discuss in 
Part 2). 


6. CONCLUSIONS 

The problem of the effects of flight on coaxial jet noise has been 
studied on the basis of a simple vortex-sheet flow model. The elegance of 
handling the problem comes through the deliberate suppression of the flow 
instabilities and also through the inherent simplicity of the vortex sheet 
model. As a result of this study, we find that the effects of flight on 
noise from an unheated coaxial dual flow induce: 
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i) amplification of noise in the forward quadrant (ir/2 < 6 ) 

ii) reduction of noise in the aft quadrant (0 < 0 < ir/2) and 

iii) absolutely no impact on noise at 9 = 90° to the jet axis. 

Furthermore, this study shows that: 

iv) at constant massflow and thrust maintained at an outer-to-inner area 
ratio (S) equal to unity, an inverted velocity profile is at least 10 
dB (SPL) quieter than a conventional profile cycle at angles in the 
aft quadrant and 16 dB (SPL) quieter at angles in the forward quadrant 
when there is no flight, 

v) the static benefit in noise reduction is more or less maintained in the 
forward quadrant, but is somewhat lost by nearly 1.5 to 2 dB in the aft 
quadrant , 

vi ) an inverted velocity profile achieves increased massflow and thrust as 
the area ratio 21 increases, in contrast to the conventional profile 
which incurs massloss and thrustloss with the increase in area ratio, 

vi i ) the amount of noise reduction due to an inverted velocity profile rela- 
tive to a conventional profile gradually diminishes as the area ratio 
Xi increases, and lastly 

viii) an inverted velocity profile, combined with a low bypass ratio operation 
obtainable at an outer-to-inner area ratio equal to unity provides the 
best optimization of noise while still maintaining the constant mass- 
flow and thrust in perfect parity with a conventional profile cycle. 
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The above conclusions are derived for an unheated coaxial dual 
flow and may change when we analyze the effects of flight on noise from 
a heated coaxial dual flow (in part 2) . 
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FIGURE CAPTIONS 


Figure 1. 
Figure 2. 
Figure 3. 

Figure 4. 

Figure 5. 

Figure 6(a). 
Figure 6(b). 
Figue 6(c) 
Figure 7. 


Practical configuration of the model. 

Flight simulation of the model. 

Retarded coordinates and emission from ring-source in 
the secondary stream 

Periodicity of the ring-source along oS (occurs in the form 
of e'^f’"*’ ) 

Change in directional intensity as a result of flight 
at an outer-to-inner area ratio 21= 1* 

a) inverted velocity profile, Mp = 0.5, Mg = 0.9 

b) conventional profile, Mp = 0.9, Mj = 0.5 

Comparison of SPL due to conventional profile (CP) 
and inverted profile (IP) at constant massflow 
and thrust, and area ratio2j= !• 

CP(#): Mp = 0.9, Ms = 0.5, R = 0.73 

IP(0): Mp = 0.5, Ms = 0.9, R = 0.73 

Comparison of SPL due to conventional profile (CP) and 
inverted profile (IP) at unequal massflow and thrust, 
and area ratio 21= 4. 

CP(#): Mp = 0.9, Ms = 0.5, R = 0.60 

IP(0): Mp = 0.5, Ms = 0.9, M = 0.84 

Comparison of SPL due to conventional profile (CP) and 
inverted profile (IP) at unequal massflow and thrust, 
and area ratio Z* = 10. 

CP(#): Mp = 0.9, Ms = 0.5, M = 0.55 

IP(0): Mp = 0.5, Ms = 0.9, R = 0.87 

Different engine cycles of a coaxial flow. 
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Figure 5 (a) & (b) 
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Figure 6 (c) 







